Proteins evolve not only through point mutations but also by insertion and deletion events, which affect the length of the protein. It is well known that such indel events most frequently occur in surface-exposed loops. However, detailed analysis of indel events in distantly related and fast-evolving proteins is hampered by the difficulty involved in correctly aligning such sequences. Here, we circumvent this problem by first only analyzing homologous proteins based on length variation rather than pairwise alignments. Using this approach, we find a surprisingly strong relationship between difference in length and difference in the number of intrinsically disordered residues, where up to three quarters of the length variation can be explained by changes in the number of intrinsically disordered residues. Further, we find that disorder is common in both insertions and deletions. A more detailed analysis reveals that indel events do not induce disorder but rather that already disordered regions accrue indels, suggesting that there is a lowered selective pressure for indels to occur within intrinsically disordered regions.
Introduction
Proteins evolve by point mutations as well as through insertions and deletions (indels) in the corresponding gene. Indels can occur by a variety of mechanism including DNA replication slippage during replication or repair (Levinson and Gutman 1987) , conversion of 3 0 -UTRs into coding regions (Giacomelli et al. 2007 ), replication fork arrest followed by error-prone DNA polymerase activity (McDonald et al. 2011) , cassette duplications of protein domain repeats , and gene fusion. All mutations that occur are under a selective pressure, and it is well known that point mutations affecting surface-exposed residues are more likely to be maintained (Kalman and Ben-Tal 2010) . Similarly, short indels are more likely to be accepted in surface exposed loop regions than within other secondary structure elements (Kim and Guo 2010) .
How longer indels emerge is less well studied. What is known, however, is that compared with substitutions, retained indels are quite rare (Toth-Petroczy and Tawfik 2013) . The mechanism causing indels is also poorly understood, although tandem duplications of repeats are associated with increased insertions and deletions McDonald et al. 2011) . Naturally, although substitutions constitute fine-grained changes, insertions or deletions of larger coding regions can substantially affect the structure, and enzymatic activity (Afriat-Jurnou et al. 2012) , of a protein.
Moreover, indels have been shown to be mutagenic in the sense that their flanking regions are often enriched in substitutions (Tian et al. 2008) .
During the last decade it has become clear that many proteins contain long regions that are intrinsically disordered (Dunker et al. 2008) . This is particularly common among eukaryotic proteins. Intrinsically disordered regions are, in general, fast evolving, although some are conserved (Tompa 2009; Dosztanyi et al. 2010; Light et al. 2013) . Long intrinsically disordered regions are common in the hubs of protein-protein interaction network of Saccharomyces cerevisiae and are often important for protein-protein interactions in all eukaryotes (Ward et al. 2004; Dunker et al. 2008) .
Investigations into the evolution of proteins containing intrinsically disordered regions are faced with considerable difficulties as fast evolving residues are difficult to correctly align (Brown et al. 2002) . Multiple sequence alignments of intrinsically disordered proteins, and all fast-evolving proteins, are often of such poor quality that they cannot easily be used to link evolutionarily related residues. Therefore, we have performed the study in three steps. First, in order to study the covariation of length difference and disorder content, we have studied length variation between orthologous protein from related species ignoring alignments. Second, by using alignments with Clustal Omega, indels in the proteins were further analyzed. Finally, by using orthologs from a more distantly related genome that can act as an outgroup, insertions and deletions could be analyzed separately.
This study shows that more than half of the length variation that occurs in eukaryotes is, in fact, due to variation in the number of disordered residues. By using three statistical models we show that, to a large degree, this pronounced covariation can be explained by a lowered selective pressure for indels in disordered regions causing already disordered regions to expand and shrink more than ordered regions.
Results

Up to Three Quarters of the Length Variation is due to Variation in the Number of Intrinsically Disordered Residues
The difference in protein length and the difference in number of intrinsically disordered residues are strongly linked (see fig. 1 ). Indeed, in Fungi ( fig. 1A ) for every inserted (or deleted) residue there is on average an increase (or decrease) of 0.73 intrinsically disordered residues, using the Iupred (Dosztanyi et al. 2005 ) disorder classifier. Further, we find similar trends for the three other sets of eukaryotic homologs (see fig. 1 and table 1). However, in bacteria, where the fraction of disordered residues is much smaller, the coupling between length variation and disorder content is diminutive (data not shown). Also, slightly more disorder than expected from the Proteome model is found between splice forms, in agreement with earlier studies (Hegyi et al. 2011) . However, the enhancement is smaller than between orthologs and is only significant at the proteome level. Therefore, the indication from our study is that disorder is more common in alternatively spliced proteins, but we find no evidence that the spliced regions would be significantly more disordered than other parts of the same protein (see table 1 ).
The strong coupling between length difference and disorder content is clear regardless of disorder classifier (see table 2 ) and across all ranges of evolutionary distances (EDs) (see fig. 2 ). In general, length difference increases with disorder content across all ranges of EDs. Using Iupred and an ED of one, that is, one substitution per residue, a completely ordered protein shows a length difference of approximately 3%, whereas a protein with more than 30% disorder differs with approximately 6%. In other words, the ratio of indels versus substitutions is higher in disordered proteins, indicating a lower selective pressure for indels in disordered proteins.
Disorder Begets Disorder
There are two possible explanations for the association between length difference and disorder: either an insertion/ deletion event causes a protein to become more disordered or, alternatively, disorder was already a property of the protein region where the insertion occurred prior to an insertion/ deletion event. To try to distinguish between these evolutionary scenarios, we formulate three expectation models to explain the expected difference in number of disordered residues, ÁD, given a length difference of ÁL. The first model, referred to as the "proteome" model, assumes that the fraction of disordered residues is uniformly distributed over the entire set/proteome. Here, a and b refer to a pair, i, of aligned proteins that differ in length by ÁL i residues. These pairs are taken from a set (proteome) consisting of N protein pairs. The estimated difference in number of disordered residues for a protein pair i is given by the formula:
Alternatively, in the "protein" model it is assumed that the fraction of disordered residues is identically distributed over a protein, that is, ÁD is estimated using the mean disorder content of each protein pair independently:
Finally, in the "proximity" model we assume that there is a local distribution of disordered residues within each protein.
We then extract the indels for each protein pair and assume that the indel will have the same distribution of disordered residues as its proximal regions. Different lengths of the proximal regions were tested and it was found that using between 3 and 20 residues on each side of the gap, the estimation of expected disorder content did not change more than one percentage point. Below, results for proximal regions of length ten are used. The expected disorder content is as follows:
Here, X is the total number of indels in an alignment of two proteins a and b, D indel,x is the fraction disorder surrounding an indel calculated for the ten residues surrounding the beginning and end of the indel, and ÁL x is the length of this gap. Other definitions of D indel,x were also tried providing similar results. Note that the sign of ÁL x differs if the gap occurs in protein a or b. Here, indels are estimated from the alignment of protein a and b using Clustal Omega (Sievers et al. 2011) . The significance of the observed versus the estimated number of disordered residues is estimated using a t-test. For Iupred, the protein pairs show a significant (P < 10 À3 ) larger disorder content in indel regions than what is expected by the proteome model (see fig. 1 and table 2). The protein model does come closer to the observations compared with the proteome model, but still there remains a significant (P < 10 À3 ) difference between model and observation. The third scenario, as modeled by the proximity model, explains a large part of the observation for Iupred, but there is still a small, 66% versus expected 73%, but not significant (P ¼ 0:5) difference. We also modified the proximity model to include proximal regions of lengths of one and ten with little change to the results (66% and 67%, respectively). Given the uncertainty of the alignments and the fact that the disorder state is based on predictions, we do believe that the prediction from NOTE.-Effect is the slope of a fitted line, as in figure 1, to observed values expressed in percent. Proteome, protein, and proximity are model effects. The observed effect is higher than the expected effect with a significance of *P 5 Â 10 À2 , ** P 10 À3 , and ***P 10 À5 in a t-test. NOTE.-Effect is the slope of a fitted line expressed in percent. Proteome, protein, and proximity are modeled effects. The observed effect is higher than the expected effect with a significance of *P 5 Â 10 À2 , **P 10 À3 , and ***P 10 À5 in a t-test. The second half of the table shows the results for disorder predictions when only considering predictions longer than 30 residues.
the proximity model provides an acceptable prediction of observed number of disordered residues. This indicates that the disorder content of an indel is largely determined by the disorder content of the surrounding residues.
Length Variation is Primarily Caused by the Subset of Disordered Coil Residues
It is well known that indels are more frequent in surface exposed loops (de la Chaux et al. 2007; Guo et al. 2012) and, as discussed earlier, we show that indels are frequent within disordered regions. However, the distinction between predicted coil and disorder residues is not absolute. In fact, there exist an overlap between residues predicted to be disorder and predicted to be in a coil, that is, a residue can be classified as both disordered and coil. To provide some further insight into how different residue-based classifications schemes overlap, we calculated the Matthew's correlation coefficient (MCC) between all classifiers (see fig. 3 ). Although there exist some overlap between residues predicted to be disordered and predicted coil residues, it is also clear that all disorder predictors, except Disembl_coils, is separate from coil residues predicted by Psipred (Jones 1999) .
Next, we examined the extent of the possible couplings between length variation and other residue-based classifications. We examined other classifiers of disorder, secondary structure, low complexity, and repeat classifiers (see table 2 ). Here, the state of each residue in a protein is classified and the effect on the number of classified residues given a variation in length is studied. Between 67% and 89% of the length variation can be explained by the difference in the number of disordered residues using several different disorder classifiers, whereas predicted coil residues can explain 67%. Another set of disorder classifiers is more conservative and using these a smaller effect is observed.
Both the number of disordered and coil residues are clearly higher than what is expected by the proteome and protein models, and also to a lesser extent higher than what is expected from the proximity model. Eight of the disorder classifiers indicate that the difference between observed and MBE expected number of disorder difference is significant at P < 5Â10 À2 . The weakest significance is found using the Disembl group of classifiers as well as Ucon. As noted above, the proximity model can explain a large factor of the covariation with length for all classifiers (see table 2).
Although coils also show a covariation with length difference, it is intriguing that the observed effect for residues predicted to be disordered by Ronn, Iupred, Norsnet, Ucon, or Disopred are comparable to the effects seen on coil residues, 67-89% versus 67%, whereas the expected effects are much smaller (13-29% vs. 45%). This indicates that a subset of residues classified to be both disordered and in coils can explain a large part of the length variation, whereas other coil residues do not contribute significantly to the observed length variation.
Disorder is Prevalent in Both Insertions and Deletions
Using pairwise alignments it is not possible to discern differences between insertions and deletions with regard to disorder content. To address this problem, we used a third species as a phylogenetic outgroup and given this outgroup it is possible to assign a subset of the indels as insertions or deletions (see fig. 4 ). A subset of the indels found in the alignment of proteins A and B could then be classifies as either insertions or deletions. To examine the distribution of disorder content in insertions and deletions, we calculated the density probability function for the disorder content in the gaps of different lengths (see fig. 5 ). Here, completely disordered gaps (all residues are disordered) have an X-value of 1 and ordered gaps 0.
First, from figure 5, we can conclude that in all our data sets-fungi, nematodes, insects, and mammals-there are considerably more deletions than insertions, a result that is consistent with previous studies (Taylor et al. 2004; Fan et al. 2007; Guo et al. 2012) . Although the deletions are more abundant for all data sets, they are on average considerably shorter than the insertions (see table 3) .
Notably, there is a general tendency for all indels to be either predominantly disordered or mostly ordered and in general there are no notable differences between insertions and deletions with respect to disorder content. There exist some differences between the different eukaryotic data sets with regard to disorder content of the indels-however, it should be noted that these data sets are inherently different, that is, the EDs vary, and therefore the following observations are tentative. For instance, insect and mammalian indels are more often disordered than ordered, a finding that is not surprising considering that these two data sets contain organisms with high overall disorder content (Xue et al. 2012 ). In contrast, there is a nearly equal number of disordered and ordered indels in fungi, whereas nematodes have slightly less disordered indels than ordered indels. These findings might be of interest for further investigations. 
Discussions and Conclusions
What, then, causes length variation in disorder regions? The cause for the association between length difference and disorder may be a genetic mechanism that co-varies with disorder, or it might primarily be an effect of a lower selective pressure on these regions. With the previously observed association of expansions of tandem nucleotide repeats (TNR) in intrinsically disordered proteins (Tompa 2003; Simon and Hancock 2009 ) in mind, we estimated the correlation between TNR and other properties. However, the association between disorder and low complexity, as well as TNR, is quite weak (see fig. 3 ). Further, low-complexity regions in proteins and TNR explain only a small fraction of the length variation (see table 2 ). Here, we have studied the relationship between protein length difference and disorder content for homologous protein pairs. Our findings show that protein length difference is linked with higher disorder content. In fact, more than half of the length variation between two proteins can be explained by a change in the number of disordered residues. This is much higher than what would be expected if indels were randomly distributed in a proteome or in a protein.
However, the disorder content is only marginally higher than what would be expected if we assume that indels keep the same disorder content as residues in their proximity. In other words, disordered indels frequently occur within already disordered regions. This is also emphasized by the observation that disordered proteins vary more in length than ordered proteins given the same evolutionary distance.
Taken together, our findings suggest that indels within disordered protein regions are subject to a relatively low purifying selection compared with ordered proteins. Due to their high charge and hydrophobicity, disordered proteins (and regions) are more spatially expanded compared with foldable proteins (Müller-Späth et al. 2010) . From the study presented here, it is also clear that intrinsically disordered protein regions are more dynamic and more expandable at the genetic level compared with ordered protein regions.
Another class of proteins that varies in length is proteins that contain domain repeats (Björklund et al. 2005) . Here, we show that intrinsically disordered regions expand and contract more readily than other regions. Aside from being variable with regard to length, both disordered and repeated regions tend to be enriched in the hubs of protein-protein interaction networks . It is possible that length variation may cause rewiring of protein-protein interaction networks. Regardless, this study shows that the selective pressure acts differently with respect to indels in intrinsically disordered regions of a protein.
Materials and Methods
Data Set Selection
In this study, we used four carefully selected data sets, representing different taxa of the eukaryotic kingdom: fungi, nematodes, insects, and mammals. In each group, three species were selected with the goal of obtaining an optimal set of orthologous protein clusters that would allow us enable a maximum number of identifiable insertions and deletions. When selecting suitable species for this study, it was important to obtain protein pairs that were sufficiently distant in species A and B and at the same time approximately equally distant to C. To obtain this, the phylogeny of the species according to the InParanoid (Ostlund et al. 2010 ) database was considered. The data sets were selected to maximize the number of identified insertion and deletion events and also in such a way that the following criteria were fulfilled: Proteins from the data sets had to have an average length variation of at least 5%. Further, a sufficient number of orthologs between the species had to exist.
At the end, the following groups were selected: Saccharomyces cerevisiae, Candida glabrata, and Yarrowia lipolytica in the fungi data set; Caenorhabditis elegans, Brugia malayi, and Pristionchus pacificus in the nematodes data set; Drosophila melanogaster, Drosophila pseudoobscura, and Aedes aegypti in the insects data set; and Homo sapiens, Mus musculus, and Bos taurus in the mammals data set. The third species in each data set is a phylogenetic outgroup of the first two only used to identify insertion and deletion events between the two first species. For some basic statistics of the data sets see table 3, where it can be seen that the data sets cover different numbers of evolutionary difference, that is, features that are common to all sets should be general to all eukaryotic proteins. It should be noted that in InParanoid, the longest isoform of the gene is present, minimizing possible effects of alternative splicing.
All protein sequences was downloaded from InParanoid (Remm et al. 2001 ) version 7.0. Nucleotide sequences for the yeast genomes that are used for a subset of the predictors used in table 2 were retrieved from the sequencing project websites (Arnaud et al. 2005; Martin et al. 2011; SGD Project 2011) in June 2010.
The alternative splicing data was obtained from Ensembl, Homo sapiens, Genome assembly GRCh37. This was then processed to obtain one pair of splice forms per gene for further analysis. If more than one splice forms were available, a random pair was selected.
Multiple sequence alignments between homologous proteins in each InParanoid cluster were built using Clustal Omega program, version 1.0.3. The program was run on unaligned sequences without External Profile Alignment (-i and -dealign flags). For calculating the models, the obtained alignment was filtered for only the proteins of species A and B, which were used to identify the indels in question.
Long Region Predictions
Intrinsic disorder and other properties for all of the figures were predicted using Iupred (Dosztanyi et al. 2005) . Other classifiers were also used to classify residues in the proteins into different categories, including disorder, secondary structure, and low complexity (discussed later). As a complement, we filtered the predictions to only include predictions of length 30 or longer and performed the same analysis. In general, the results do not change significantly using this definition (see table 1). NOTE.-For each data set, the number of protein pairs between the two species, the average length, and average length difference between these pairs are shown. Toward the right, the number of insertions and deletion as well as the average length of these are shown. For the alternatively spliced proteins, we do not differentiate between insertions and deletions as no outgroup is available.
Evolutionary Distances
The average number of substitutions per residue (ED) was calculated using maximum likelihood estimates with the JTT1G substitution model allowing site-rate heterogeneity, computed using Tree-Puzzle v.5.2.28 (Schmidt et al. 2002) .
Calculation of P Values
P values for t-tests between observed and modeled values were calculated. The t-test is testing the null hypothesis that X has a normal distribution with zero mean and unknown variance. Here, X is an array with one value per protein pair, and X i for protein pair "i" is calculated as
where ÁY i is the observed difference in residues predicted with predictor Y, ÁY model,i is the modeled prediction difference, and ÁL i is the observed length difference.
Calculation of MCC
For each pair of residues classifier, the MCC was calculated. MCC is calculated using a confusion matrix with four numbers. When comparing two methods, true positives are then the number of residues where the two methods agree that a residues is ordered, true negatives when they are disordered, false positives when the first method classifies them as ordered and the second not, and false negatives when the first method classifies them as disordered and the second not. These four numbers are then inserted in the following equation to calculate the MCC.
MCC ¼ TP Â TN À FP Â FN ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðTP + FPÞðTP + FNÞðTN + FPÞðTN + FNÞ p :
